A magnetic tunnel transistor with spin-valve metallic base and epitaxial Schottky barrier is used to probe the temperature and energy dependence of the magnetocurrent. The magnetocurrent ratio ͑MCR͒ reaches values up to 900% in our ultrathin microstructured three-terminal devices. The effect of hot-electron energy has been studied in the range of 0.6 to 2.2 eV. We observe a clear maximum of the MCR at about 1.5 eV electron energy. With increasing temperature ͑5 KϽ T Ͻ 185 K͒ the MC remains almost constant, but a rapidly growing spin-independent additional current is measured, due to increasing collector leakage.
I. INTRODUCTION
The hot-electron spin-valve transistor was introduced by Monsma et al. in 1995 . 1 Since then, interest in hot-electron spin-dependent effects has grown year by year. Today, different types of hot-electron spin transistors are under investigation by several groups throughout the world. [2] [3] [4] [5] [6] Of all hot-electron transistor types, the magnetic tunnel transistor with spin-valve base ͑SV-MTT͒ has so far revealed the largest magnetocurrent ratio ͑MCR͒, 4 that is, the largest difference in collector current between parallel and antiparallel magnetic state of the system, normalized to the current in antiparallel state.
SV-MTTs are three-terminal devices in which the hot electrons are emitted over a tunneling barrier, typically formed by Al 2 O 3 . The metal base is an ultrathin SV system, while the collector contact is formed by the semiconducting substrate.
Most important is the Schottky barrier between metal base and substrate. This barrier works as a highly effective filter for hot-electron energy and angular momentum. Only electrons with high energy and suitable momentum will be collected in the substrate. Hot electrons scattered elastically or inelastically while traversing the SV base suffer a loss of energy or a change of angular momentum and will then not overcome the collector barrier. As the scattering probability in the ferromagnetic layers is strongly spin dependent, this results in highly spin-polarized collector currents and high MCRs.
For an understanding of the scattering processes involved, the dependence of the collector current and MC on electron energy is of primary importance. Up to now, only a small number of studies have addressed this question in a SV-MTT [4] [5] [6] and neither of them explored the temperature range below 77 K. The aim of the present work is to expand the range of experimental data down to low temperatures between 5 and 100 K and to study the effects of electron energy in the range of 0.6 to 2.2 eV.
II. DEVICE FABRICATION
To realize an ultrasmooth, epitaxial Schottky barrier, an n-doped GaAs͑001͒ substrate is carefully prepared by heating and ion etching in ultrahigh vacuum, while the surface quality is controlled by reflection high-energy electron diffraction ͑RHEED͒. The preparation details have been published elsewhere. 7 On the atomically flat surface, an epitaxial Co 66 Fe 34 ͑001͒ film is grown by molecular-beam epitaxy. The structural anisotropy of the GaAs͑001͒ surface induces a uniaxial magnetic anisotropy with an easy axis along the ͓110͔ direction and an easy axis coercivity of H C =25 Oe at room temperature. Subsequently, Cu and Ni 80 Fe 20 are evaporated in the same chamber. RHEED indicates a textured polycrystalline structure of these two layers. While growing the NiFe, an external field of about 500 Oe is applied perpendicular to the easy axis of CoFe, to improve the switching behavior of the SV.
The magnetic switching behavior of these samples is verified by magneto-optical kerr effect measurements. Figure  1 shows the switching process when an external field is applied parallel to the ͓110͔ direction of the sample substrate: This direction is a hard axis for the soft magnetic NiFe, and the magnetic reversal typically takes place in the range between Ϫ20 and ϩ20 Oe at room temperature, gradually ap- proaching an antiparallel state of the system. In the same direction, the CoFe layer has its easy axis with a coercive field of 20 to 25 Oe, where the system switches abruptly back into the parallel state. This configuration allows one to observe an almost linear change of the collector current over a broad field range, when the magnetization of NiFe is reversed. At lower temperatures higher fields are needed, but even at 5 K a clear antiparallel state can be observed.
DC magnetron sputtering of the Al 2 O 3 tunneling barrier and a Ta protection layer complete the samples. To obtain completely oxidized, stable tunneling barriers, we repeat our sputtering and oxidation process three times:
First, about 0.7 nm Al is deposited, and the sample is then oxidized in the airlock chamber with 100 mbar pure oxygen. After 10 min, the Al is completely oxidized to Al 2 O 3 , as x-ray photoelectron spectroscopy measurements have verified. After three repetitions of these procedures, a covering layer of 7 nm Ta is deposited.
Transport measurements with variable voltage and temperature prove that tunneling is the primary transport process, and the barriers are pinhole free and stable up to a breakdown voltage of 2.0 to 2.4 V. A fit of I-V curves to the Simmons formula 8 typically yields a barrier height of 2.0 eV and a barrier thickness of about 1.3 to 1.5 nm for our samples. We also examine the Schottky barrier by measuring integral I-V curves. Fitting the results with the Norde function 9 gives Schottky barrier heights of about 0.6 eV at room temperature.
Finally, our samples are microstructured by ion-beam etching the base area of ͑200 m ϫ 400 m͒ and emitter areas of ͑100 m͒ 2 or ͑50 m͒ 2 , isolating the different junctions by 100 nm of plasma-enhanced chemical vapor deposited SiO 2 and evaporating 200-nm-thick Au contact pads for wire bonding over base and emitter. The Ohmic back contact ͑collector contact͒ has already been formed during the preparational heating of the substrate by GaIn-eutecticum.
III. MAGNETOCURRENT EFFECTS
All low-temperature transport measurements were carried out in a liquid helium cryostat with superconducting magnetic field coils. The emitter voltage over the tunneling barrier was applied and controlled by a four-point-probe source meter while the collector current was measured with an electrometer. The results presented in this article are all related to SV-MTTs with GaAs/CoFe ͑2.5 nm͒/Cu ͑4.5 nm͒/ NiFe ͑3.5 nm͒/Al 2 O 3 ͑1.4 nm͒/Ta ͑7.5 nm͒.
More than 900% MCR reproducibly have been observed at T = 10 K and V E = 1.5 V, as is shown in Fig. 2 . The exact maximum value and the curve shape change slightly from one measurement to the next, as the abrupt easy axis switching of the CoFe is induced at different fields.
Schottky barrier leakage was probed at the same temperature by a measurement with V E = 0.5 V and is negligibly small ͑I Leak Ͻ 0.01 pA͒. However, our temperaturedependent measurements reveal that collector barrier leakage becomes dominant at temperatures above 100 K, as shown in Fig. 3 . Consequently, the MCR decays rapidly with increasing temperature, although the MC does not decay.
The effect of electron energy on the transport behavior was measured in the temperature range of 5 to 185 K. When the emitter voltage becomes higher than the Schottky barrier height of about 0.6 eV, an onset of collector current can be observed. At V E = 0.9 V, we already see the typical magnetic switching and observe MC ratios of about 100%. The maximum ratio is reached at energies in the range of 1.3 to 1.5 V, as shown in Fig. 4 . As long as the leakage current can be neglected, the MCR shows the theoretically predicted behavior.
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IV. DISCUSSION OF RESULTS
The study of the temperature dependence of transport mechanisms is hampered by diffusive electron leakage cur- rents due to imperfect Schottky barriers. Nevertheless, the spin-dependent part of the current can be separated. Figure 3 shows that the MCR decreases with increased leakage, while the MC even increases slightly. That means neither spin mixing nor the reduction of hot-electron spin polarization dominates our system in the examined temperature range, as both mechanisms would reduce the MC with increasing temperature. A possible explanation for the MC increase is that increasing the temperature means to broaden the energy distribution of the injected electrons and thus to reduce the filter effect of the Schottky barrier. The result is that more hot electrons can overcome the collector Schottky barrier and a higher hot-electron collector current is measured. This assumption is backed by recent model calculations, which showed that the temperature dependence of the collector current is very sensitive to the relative barrier height of emitter and collector of a spin-valve transistor. 10 As the leakage current below T = 10 K is negligibly small, we can study the effect of electron energy at very low temperatures. Unlike the band-structure-dependent behavior reported by others, 4, 11 we observe a clear maximum of the MCR at about 1.5 eV electron energy, as predicted by semiquantitative model calculations. 5 According to Jansen, 2 spin-dependent scattering within the ferromagnetic processes occur mainly within the ferromagnetic layers, while interface scattering plays a minor role. The increase of MCR with electron energy can be explained, if we assume that spontaneous spin-wave excitation dominates the spin-dependent hot-electron attenuation. Only minority electrons can emit spin-waves, and in that case, they change their spin orientation. Now, there are two possible cases: Either the spin polarization is enhanced, because the scattered electrons can no longer overcome the Schottky barrier, or it is even more enhanced when the former minority electron has become a majority electron and still overcomes the barrier, because the loss of energy was small enough. Clearly, the importance of the second case will increase when the energy of the injected electron becomes higher.
Experiments and calculations have shown that the relative importance of Stoner excitations as attenuation mechanism increases if the electron energies become higher and breaks even with spin-wave scattering processes at about 1.5 eV. 12 Stoner excitations reduce the number of majority electrons and consequently reduce the MCR. This also corresponds to our measurement. Another often discussed scattering mechanism, the spin mixing due to thermal spin-wave excitations, should be of little relevance in our measurements, as the temperatures are very low. To fully understand the reasons for the qualitatively different electron energy dependencies of the MCR reported in Ref. 4 and in the present work, more sophisticated calculations and more experimental results are required. The focus of examination should thereby lie on the differences in interface quality, thickness inhomogeneities and crystalline structure of the layers. Furthermore, different doping of the substrate and improved lithographic techniques are expected to reduce the leakage and allow examination and comparison of results over the whole temperature range from 5 to 400 K in the near future.
V. CONCLUSION
We have presented a semi-epitaxial SV-MTT with a maximum MCR of 938%. Temperature dependent measurements in the range of 5 to 185 K showed that the MCR is reduced due to leakage current, but the MC slightly increases with temperature. This is ascribed to the broadening of the injection electron energy distribution. The effect of electron energy was studied in the range of 0.6 to 2.2 eV and showed a clear MCR maximum at about 1.5 eV. At low energies, spontaneous spin-wave excitation is assumed to dominate the attenuation process while at higher injection energies, Stoner excitations reduce the MCR.
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